Eleven nearby (<300 pc), short-period (50-130 days) asymptotic giant branch (AGB) stars were observed in the CO J = (2 − 1) line. Detections were made towards objects that have evidence for dust production (K s − [22] > ∼ 0.55 mag; AK Hya, V744 Cen, RU Crt, α Her). Stars below this limit were not detected (BQ Gem, ǫ Oct, NU Pav, II Hya, CL Hyi, ET Vir, SX Pav). K s − [22] colour is found to trace mass-loss rate to well within an order of magnitude. This confirms existing results, indicating a factor of 100 increase in AGB-star mass-loss rates at a pulsation period of ∼60 days, similar to the known 'superwind' trigger at ∼300 days. Between ∼60 and ∼300 days, an approximately constant mass-loss rate and wind velocity of ∼3.7 × 10 −7 M ⊙ yr −1 and ∼8 km s −1 is found. While this has not been corrected for observational biases, this rapid increase in mass-loss rate suggests a need to recalibrate the treatment of AGB mass loss in stellar evolution models. The comparative lack of correlation between mass-loss rate and luminosity (for L < ∼ 6300 L ⊙ ) suggests that the mass-loss rates of low-luminosity AGB-star winds are set predominantly by pulsations, not radiation pressure on dust, which sets only the outflow velocity. We predict that mass-loss rates from low-luminosity AGB stars, which exhibit optically thin winds, should be largely independent of metallicity, but may be strongly dependent on stellar mass.
INTRODUCTION
Stellar death among low-and intermediate-mass (0.8-8 M⊙) stars is caused by catastrophic mass loss. In such stars, the mass-loss rate can greatly exceed the hydrogen nuclear-burning rate 1 . However, the drivers of this mass loss are poorly known. Canonical theory dictates that magneto-acoustic effects (magnetic reconnection and/or Alfvén waves) support a fast (∼30-300 km s −1 ) but feeble (∼10 −14 -10 −8 M⊙ yr −1 ) wind throughout the star's mainsequence and giant-branch evolution (Dupree et al. 1984; Schröder & Cuntz 2005 Cranmer & Saar 2011) , possibly enhanced in later stages by bulk atmospheric motions (e.g. overshoot from convective cells into the upper atmo-⋆ E-mail: mcdonald@jb.man.ac.uk 1 The mass-to-light conversion ratio of the 1 H → 4 He reaction is 0.00717. Thus, the nuclear-burning rate of a star is ∼ 0.00717L/c 2 , or ∼10 −7 M ⊙ yr −1 for a 10 000 L ⊙ star.
sphere; cf. Freytag & Höfner (2008) ). Towards the end of the asymptotic giant branch (AGB) phase, the star becomes unstable to pulsations, which may levitate the outer atmosphere of the low-gravity star. The combination of moderately low temperatures and comparatively high pressures allows the condensation of dust around the star, and radiation pressure on this dust forces a wind from the star (e.g. Bowen 1988; Höfner & Olofsson 2018 ).
However, calculations have shown that radiation pressure on conventional silicate dust is insufficient to drive a wind from oxygen-rich stars, and an additional mechanism is required (Woitke 2006) . Scattering of light by large (µm-sized) silicate grains has been proposed to drive the wind (Höfner 2008) . This has some observational confirmation , but forming large grains in low-massloss-rate stars, where a lower density of condensates should prevail, may be difficult (e.g. Nanni et al. 2013 ). Models of pulsation-enhanced, radiatively-driven stellar winds (both of individual stars and stellar populations) are now very so-phisticated: they can convincingly reproduce the properties of well-established winds from AGB stars (e.g. Bladh et al. 2015; Dell'Agli et al. 2017 ). However they cannot reproduce the dusty but weaker winds seen in less-luminous ( < ∼ 5000 L⊙), less-massive ( < ∼ 1 M⊙) and/or metal-poor ([Fe/H] < ∼ -0.5 dex) stars (e.g. Boyer et al. 2015b,a; McDonald et al. 2017) .
Observations have historically concentrated on the most luminous, most rapidly mass-losing stars: these bright AGB stars dominate the dust and gas return by intermediate-age populations to the local environment . Here, strong correlations between luminosity and both massloss rate and wind expansion velocity suggest that radiation pressure on dust is effective (Danilovich et al. 2015) . However, there have been few observations of less luminous stars (L < ∼ 4000 L⊙). The suggestion of a different link, between pulsations and the driving of stellar mass loss, was first suggested by Whitelock et al. (1987) . It has been subsequently established that the development of an AGB superwind 2 occurs at a period of ∼300 days (e.g. Wood & Cahn 1977; Vassiliadis & Wood 1993) , with stars progressing quickly from optically thin winds to dust-enshrouded superwinds by periods of ∼700 days.
More recently, a similar mechanism has been described at shorter periods: stars with periods of > ∼ 60 days typically produce dust, while stars with P < ∼ 60 days typically don't. First described by Alard et al. (2001) and Glass et al. (2009) in Baade's Window, it was found to apply more generally to nearby stars by Glass & van Leeuwen (2007) . Largely forgotten in the literature, this phenomenon was examined again in .
Circumstellar dust production is typically identified by infrared colour, e.g., Ks − [22] colour. Here, Ks represents a compromise between using a short wavelength where dust doesn't emit, and a long wavelength where dust doesn't absorb. The 22-µm flux represents a wavelength at which warm dust emits, but where stars remain relatively bright. Since both Ks and [22] Ruffle et al. 2015) . However, translation of this to a physical mass-loss rate requires assumptions of the dust opacity per unit mass, the dust-condensation efficiency and the velocity structure of the wind.
CO both independently and more directly traces the wind properties (e.g. Höfner & Olofsson 2018) . The increase in Ks − [22] from 300 days is clearly linked to an increase in mass-loss rate, as derived from CO lines (e.g. Danilovich et al. 2015) . However, the increase at 60 days has not been explored. It is unclear whether this represents 2 The term "superwind" has received a variety of interpretations in the literature. Its origin broadly stems from a wind, with a mass-loss rate greatly exceeding that prescribed by Reimers (1975) , which ejects the remaining stellar envelope, allowing the formation of an optically visible planetary nebula (e.g. Wood & Cahn 1977; Renzini & Voli 1981; Bowen & Willson 1991) . We retain that definition here. a true increase in mass-loss rate, or simply a change in the properties of the stellar wind. To explore this, we examine literature gas (CO) mass-loss rates for stars around this boundary. The lack of suitable literature also led us to instigate a survey of nearby AGB stars in the CO J = 2 − 1 line, using the Atacama Pathfinder Experiment telescope (APEX). We show herein that the change at P ∼ 60 days is a real increase in mass-loss rate, and represents a fundamental evolutionary change in how the mass-loss rate of these winds is set.
The remainder of our paper is set out as follows:
• Section 2 describes the literature data we have collated.
• Section 3 details our new APEX observations.
• Section 4 merges the two samples.
• Section 5 discusses the results, highlighting both limitations in our data and future work that can be done to correct them.
• Section 6 reports our conclusions.
EXISTING LITERATURE

CO line obserations
Collated literature observations of CO rotational lines exist in De Beck et al. (2010) ; Schöier et al. (2013); and Danilovich et al. (2015) . For De Beck et al. (2010) , we only use stars described as well-fit by a soft parabola. Additional CO observations of individual nearby AGB stars were extracted from Huggins et al. (1994) ; Winters et al. (2002) ; Libert et al. (2008 Libert et al. ( , 2010 ; Le Bertre et al. (2012) ; Groenewegen (2014) ; Kervella et al. (2016); and Homan et al. (2017) , forming our complete literature CO sample. Stellar parameters were also taken from these works. Due to the difficulties in measuring not only the distances of AGB stars (Section 2.3), but also measuring and defining their temperatures and radii (Section 5.2), we reduce our comparisons in the following to observational correlations with inferred luminosity and pulsation properties.
Additional limits from chromospheric lines
The collated mass-loss rates from CO line measurements do not adequately cover mass loss from lowerluminosity stars. Generally, the mass-loss rates from these stars are too low to efficiently detect with CO rotational transitions. However, these stars typically have active chromospheres. Proxies for their mass-loss rates and wind outflow velocities can be derived from chromospherically active lines (Dupree et al. 1984) .
To enhance our comparisons, we add to our literature data chromospheric mass-loss rates, wind outflow velocities, and luminosities for stars in the globular clusters M13, M15, NGC 2808 and ω Cen (Table 1) . These were sourced from Mauas et al. (2006) ; Mészáros et al. (2008 Mészáros et al. ( , 2009 and McDonald et al. (2010b) . Stars without known pulsation data have been assigned a pulsation period, as detailed below.
We must also add a note of caution here. Good estimates of mass loss from RGB stars are largely restricted to globular clusters and a few halo field stars. The shortfalls of this method are discussed in Section 5.2.
Most of the stars with chromospheric winds can be classified as non-variable (∆V ≪ 0.1 mag), either by their absence in specific surveys (references in Clement 1997), by Gaia DR2, or by both. Three of the brightest stars have periods in the range of 40-42 days (Osborn 2000) . For the remainder of the chromospheric detections in globular clusters, we assign periods based on the b3 sequence of smallamplitude variables from Takayama et al. (2013, their figure 9) . It is possible some periods will be on the b2 sequence (or, rarely, the b1 sequence) at twice or thrice the periods quoted. However, b3 was chosen as it best fits the relation described by Takayama et al. (2013, equation 5) for each star in question, assuming a typical mass of 0.65 M⊙, because stars of similar luminosity in globular clusters and other dwarf galaxies show these periods (e.g. McDonald et al. (2014) and the small-amplitude variables of Lebzelter & Wood (2005) ), and because the b3 sequence is the most populous in this period range, giving a higher probability that stars are actually found here.
The combined sample of literature objects are shown in context on the Hertzsprung-Russell diagram ( Figure 1 ) and period-infrared-excess diagram (Figure 2 ). Figure 4 shows how the derived mass-loss rates and expansion velocities we measure compare to results found in the literature.
Gaia DR2 and the uncertain distances to sources
Gaia Data Release 2 (Gaia Collaboration et al. 2018) has allowed us to revise the distances to some of our targets. However, many targets do not have accurate distances in Gaia DR2, for reasons explored in Section 5.2. Where we revised the distance from the literature estimate, we use a d 2 scaling to adjust both the luminosities and mass-loss rates. Where altered from the original publications, revised data are presented in amplitude and significance of excess noise in the Gaia fiveparameter (position, parallax and proper motion) solutions. While these effects could be mitigated by using the moreaccurate proper motions from the combined Hipparcos-Gaia dataset (Gaia Collaboration et al. 2016a ) to stabilise the parallax solution, red stars were not included in this dataset.
The Hipparcos and Gaia parallaxes can be treated independently. Without an objective method of distinguishing between the two distances, we can adopt a variance-weighted average of the parallax, and invert it to obtain a distance, with an uncertainty defined by either the average of the positive and negative quadrature-summed parallax uncertainties (if the parallaxes agree within their combined uncertainty), or the standard deviation of the two parallaxes (if tension exists between them). This neglects the Lutz-Kelker bias (Lutz & Kelker 1973) , although this is not expected to be a significant in this subset of observations where, while noisy, distances are comparatively well determined (see discussion in the Appendix of McDonald et al. (2017) ).
VY Leo, EU Del and EP Aqr have Gaia parallaxes in agreement with the Hipparcos parallaxes, and we have adopted the variance-weighted average of both. RX Lep, SW Vir and T Cet have conflicting parallaxes: in all three cases the Gaia parallax is much smaller and uncertain, and we retain the Hipparcos parallax. Similarly, we retain the distance for R Leo of 114 ± 14 pc based on van Leeuwen (2007) , as this represents the combination of the parallaxes of Hipparcos and Gatewood (1992) . No Gaia parallax exists for α Ori, as it is too bright.
In some cases, maser parallaxes are also available, providing a third independent reference. RT Vir is in both Hipparcos and Gaia DR2, and has very discrepant parallaxes between the two (̟ = 7.38 ± 0.84 and 2.05 ± 0.29 mas, respectively) but also has a maser-based distance from verylong baseline interferometry (VLBI) of ̟ = 4.14 ± 0.13 mas (Zhang et al. 2017 ), which we consider more trustworthy.
Similarly, the maser parallax for R Cas (̟ = 5.67 ± 1.95 mas) is close to the Gaia parallax (̟ = 5.34 ± 0.24 mas) but is marginally discrepant from the Hipparcos parallax (̟ = 7.95 ± 1.02 mas), hence we adopt the maser parallax. We also adopt the maser parallaxes quoted in (Zhang et al. 2017) for S CrB, RR Aql, W Hya and RX Boo.
Stars without Hipparcos parallaxes
These stars have no alternative direct measure of distance to compare to, hence we must devise criteria to determine whether we find the Gaia DR2 parallax believable. The distances used in the literature sub-mm sources (Section 2) mostly come from assuming stars are fundamental-mode pulsators, and that luminosity is proportional to period. In this work, we seek to disentangle luminosity from period, so it is important we use parallax distances where possible. This is doubly so because the period-luminosity relation (actually a period-infrared-colour relation) has a steep luminosity dependence and an intrinsic spread of ∆ log(P ) ∼ 0.05 in width (e.g. Ita et al. 2004; Wood 2015) , leading to a bolometric luminosity uncertainty of > ∼ 25 per cent, once a bolometric correction is applied to the infrared flux.
We have chosen to adopt Gaia DR2 distances where the following conditions are met:
• The fractional uncertainty in the parallax is less than 0.2.
• The ratio of the excess astrometric noise per point to the parallax is less than 0.4.
• The ratio of the combined excess astrometric noise and parallax uncertainty to the parallax itself is less than 0.33.
• The fraction of along-scan points flagged as "bad" is less than 0.1.
• They are within 40 per cent of the distance estimate used to calculate the mass-loss rate. For the remainder of objects, we retain pulsation distances.
NEW OBSERVATIONS
Target selection
In the entire literature sample, there are CO measurements of only eight AGB stars with periods of P < 150 days. Massloss rates for these stars therefore mainly rely on the chromospheric mass-loss rates. The eight stars include the interacting binaries L2 Pup and EP Aqr (Lykou et al. 2015; Nhung et al. 2015; Kervella et al. 2016; Homan et al. 2018 four stars (logṀ ≈ −6.8 to -6.2; Libert et al. 2008; De Beck et al. 2010; Danilovich et al. 2015) . This suggests that total mass-loss rate does increase at around 60 days, but is insufficient to be considered as strong evidence. Consequently, we began observations with APEX telescope to obtain data on more targets.
Our target selection began with the set of fundamental parameters for Hipparcos stars from McDonald et al. (2012) and McDonald et al. (2017) 3 . Where stars are duplicated, results from the latter were taken. From this, we selected stars with d < 300 pc, L > 680 L⊙ and T eff < 5500 K, to yield a set of 562 nearby, bright, evolved stars 4 . By adding the two local optically enshrouded AGB stars (IK Tau and CW Leo) we can obtain a complete sample of bright RGB and AGB stars within 300 pc.
The fundamental parameters of these stars are derived from spectral energy distribution fitting, which does not provide accurate parameters for heavily enshrouded or highly extincted stars. Improved measures of luminosity and temperature were for R Leo and W Hya were sourced from Bedding et al. (1997) , from Maercker et al. (2012) for R Scl, for Menten et al. (2012) for CW Leo, and Massarotti et al. (2008) for IK Tau. Updated parameters for EU Del were also taken from .
Of these stars, 121 were selected that had pulsation periods in the General Catalogue of Variable Stars (GCVS; Samus et al. 2006 5 ), of which 47 have pulsation periods in the range 50 < P < 130 days. Additional periods were sourced for α Her and CL Hyi from (Watson et al. 2006) . Of 3 VizieR tables J/MNRAS/427/343/table2 and J/MNRAS/471/770/table2, respectively. 4 L = 680 L ⊙ is the minimum luminosity at which dust production by evolved stars appears to occur (McDonald et al. 2011b . This was defined by the star RU Crt, defined here as being considerably more luminous. Hence the actual minimum luminosity is expected to be greater. 5 VizieR table B/gcvs/gcvs cat. these 49 stars, 18 have declinations above +20
• (FS Com, BQ Ori, RX Cnc, BD Peg, RS Cnc, SV Lyn, RW CVn, ρ Per, V1070 Cyg, g Her, OP Her, TU Aur, Y Lyn, AF Cyg, TU CVn, X Her, TT Per and SS Cep), meaning they could not be observed from APEX, and three already have published observations (the aforementioned RX Lep, EP Aqr and EU Del).
This leaves 28 stars, where were submitted as a distance-ranked list of targets for APEX observation. Of these, 11 were actually observed, the remainder being θ Aps, V763 Cen, GK Vel, S Lep, SU Sgr, IO Hya, T Crt, ER Vir, Z Eri, AG Cet, V450 Aql, GZ Peg, RT Cnc, V1057 Ori, τ4 Ser, GK Com and RV Hya.
Updated distances to sources from Gaia Data
Release 2 As previously mentioned (Section 2.3) the Gaia Data Release 2 parallaxes for variable stars exhibit considerable errors in excess of their stated formal uncertainties. In our observed sample, AK Hya, RU Crt, CL Hyi, II Hya, ET Vir and ǫ Oct have a >2σ tension between the Gaia and Hipparcos parallaxes, reaching 5σ for RU Crt. For all stars except RU Crt, we obtain our final distance by adopting a variance-weighted average of the Gaia and Hipparcos parallaxes. RU Crt was highlighted by McDonald et al. (2012 McDonald et al. ( , 2017 as being the lowest-luminosity giant star with infrared excess in the Hipparcos-and Tycho-Gaia Astrometric Solutions (HGAS/TGAS) of Gaia Data Release 1 (Gaia Collaboration et al. 2016a ). Such a low luminosity with substantial dust production is unusual, and the new distance from Gaia returns it to a more typical luminosity, so we adopt it. It remains unusual due to its position in the period versus Ks − [22] diagram (Section 4).
Given the change in distance, the luminosity of these sources needs revised, which we do by simply scaling luminosities from McDonald et al. (2012) and McDonald et al. (2017) using the inverse square law, L ∝ d 2 , to account for their new distances and to provide the luminosities quoted in Table 3 .
Data & reduction
We obtained observations towards 11 of these stars (Table 1 ) using the Swedish Heterodyne Facility Instrument (SHFI; Belitsky et al. 2006; Vassilev et al. 2008 ) on the APEX telescope (Güsten et al. 2006) between 2016 August 12 and November 28. The obtained spectra are centred on the CO J = 2 − 1 rotational transition at 230.538 GHz and have a total spectral bandwidth of 4 GHz, corresponding to ±2600 km s −1 around the CO line, with a nominal resolution of ≈0.1 km s −1 . The delivered data are calibrated as antenna temperature, corrected for losses, T * A . We reduced the data using the glidas/class package 6 by subtracting a first-degree polynomial from the spectrum, after emission-line masking. Con-6 http://www.iram.fr/IRAMFR/GILDAS version into physical units was done using the conversion factor 7 Sν/T * A = 39 Jy K −1 . Spectral channels at |vLSR| > 100 km s −1 (compared to the rest frequency of the CO line) were assumed to have zero astrophysical flux. The noise per channel in the region of CO line was assumed to be equal to the standard deviation of fluxes in these high-velocity channels.
Radial velocities for AGB stars are not often known to better accuracy than a few km s −1 , as the pulsating atmospheres cause radial velocity variations and line doubling in their optical and near-IR spectra. Where available, we used published radial velocities from simbad 8 as a first estimate of the expected line centre. If no published velocity was available, a visual search of the spectrum was made to identify any emission peak.
Final spectra
The final spectra for all stars are shown in Figure 3 . There are three clear detections, of AK Hya, V744 Cen and RU Crt. A relatively square, symmetric profile indicates an optically thin, spherically symmetric wind around the star. While AK Hya and RU Crt show deviations from this, they better confirm to this classification than to optically thick or resolved winds, which would present as symmetric but more softened paraboloids. The spectrum of V744 Cen is more asymmetric, normally indicative of an asymmetric outflow. This leads to addition uncertainty in the parameters derived for this wind.
The spectrum of α Her shows a narrow peak (full-width half maximum [FWHM] ∼ 1 km s −1 ) near the systemic velocity. This overlies a slight flux excess either side of the systemic velocity. This excess is significant (∼6σ). While we cannot rule out an interstellar component for the narrow central line (the star lies close to, but not in, patchy farinfrared emission), it seems likely that we have made the first detection of CO around α Her. This would be significant as it was the original giant star in which mass loss was identified via optical circumstellar absorption lines (Deutsch 1956 ). The exact strength and shape of the CO emission cannot be accurately quantified from our data, but it seems to extend to ∼ ±5-10 km s −1 , commensurate with the ∼ ±10 km s −1 indicated by Deutsch (1956) . In BQ Gem, the primary peak is very narrow, and appears to be interstellar in origin 9 . Consequently, we exclude the region containing the suggested interstellar line (between vLSR = −1.9 and -0.8 km s −1 ) from further analysis of this star. There is no other convincing flux excess in this observation, so we consider BQ Gem to be a non-detection.
The remaining sources are not clearly detected, although some tentative detections are present. Statistically significant flux excesses exist at the systemic velocity for NU Pav (∼3σ) and SX Pav (∼2σ). The adopted stellar velocites and best-fit lines are listed in Table 4 for completeness, but treated as non-detections for the remainder of this paper as they cannot be accurately parameterised in terms of massloss rate or expansion velocity. A possible narrow component Figure 3. CO J = 2 → 1 lines extracted from APEX spectra (points), shifted to the stellar velocity frame (except for CL Hyi, which has unknown velocity). The spike in the BQ Gem spectrum (reproduced in both panels) represents the masked interstellar component. The thicker lines have been spectrally binned by a boxcar of ten elements (∼1 km s −1 ) to show low signal-to-noise features. Table 4 lists the stellar v LSR and noise measurements. ∼ 0.85 mag to be detectable with our APEX observations out to a distance of a few hundred pc. Based on the K-[22] colours and Hipparcos distances to these sources, detections were expected of AK Hya, V744 Cen, RU Crt and α Her, and non-detections were expected of the other sources . Hence, with the exception of the interstellar line in BQ Gem and the faintness of α Her, the detections match our prior expectations.
DeterminingṀ and vexp from the observations
The half-width of the CO line theoretically gives the wind expansion velocity, while the velocity-integrated line intensity is related to the CO mass-loss rate. Expansion velocities are easily calculated for lines representable by top-hat-like or parabolic functions, but become more difficult to define for clearly asymmetric lines, such as seen in V744 Cen.
Mass-loss rates from individual CO lines are necessarily approximate, as we do not precisely know the fractional abundance of CO, the radius where CO becomes dissociated by interstellar ultraviolet photons, the optical depth, the temperature structure, and the relative size of the envelope compared to the telescope beam (e.g., Mamon et al. 1988; McDonald et al. 2015; Groenewegen 2017 
where ICO is the measured CO line intensity (in K km s −1 ), θ is the telescope beam size (29 ′′ ), fH,CO is the adopted CO fraction relative to hydrogen (assumed to be 3 × 10
following the original value listed for M-type stars 10 in De Beck et al. (2010) ), Rin is the dust-condensation radius of the wind in stellar radii (R * ) (assumed to be 3 R * ) and β is a parameter describing the shape of the profile function as: Where a line was not detected, we assumed a relatively large expansion velocity of 10 km s −1 , and cross-correlated this line (i.e., a boxcar function of 20 km s −1 width) with the spectrum, identifying the strongest line within ±10 km s −1 of the stellar rest velocity. A mass-loss rate was calculated based on these parameters, and taken to be the upper limit to the mass-loss rate from the star. Note that this does not account for the order-of-magnitude systematic uncertainty in mass-loss rate that we apply generally below.
The primary assumptions that are required for Eq. 1 to hold are: (1) a velocity profile similar to that of a radiationdriven wind; (2) a comparable incident UV flux; (3) optically thin winds with (at a given mass-loss rate) identical radial temperature and CO:H2 profiles, which are (4) unresolved by the telescope's primary beam. The CO J = 2 − 1 emission for stars of mass-loss rate ∼10 −7 is expected to be confined to a broad shell of a few ×10
16 cm in radius (Teyssier et al. 2006) 11 . By this radius, radiation pressure and variations in stellar gravity are negligible, and variations associated with short-timescale events ( < ∼ 100 years) should be smoothed out, hence the velocity profile should be of negligible concern. Variation in interstellar UV flux is not well characterised but is not expected to depart wildly from that assumed by Mamon et al. (1988) , except in exceptional circumstances (McDonald & Zijlstra 2015b) , suggesting the shell is dissociated at roughly the same radius. Dissociation should be accounted for in Eq. 1, as it is based on a set of observations which includes stars of similar massloss rates. However, it does mean that the expected shell size will be within the primary beam width, provided the star is > ∼ 50 pc away. The existing observations of EU Del and VY Leo indeed suggest this is the case: any resolution of the envelope or non-negligible optical thickness should also be observable as an inverted parabola ('two-horned') shape to the line profile, which is not observed. Given these assumptions, we expect Eq. 1 to be accurate to a factor of a few in relative terms and within an order of magnitude in absolute terms.
The extracted mass-loss rates and expansion velocities are presented in Table 4 . Where undefined, we assume β = 1 and vexp 10 km s −1 in order to produce a limit to the massloss rate from our observations. Uncertainties are not listed on the stellar LSR velocity (v * ,LSR), the wind expansion velocity (vexp), or the gas mass-loss rate (Ṁ ) as the formal errors described by the model are small, hence the (poorly constrained) systematic errors of the model dominate.
RESULTS
Observed trends
Complex structures are seen in the combined dataset (Figure 4) and in the mass-loss rate versus K − [22] infrared colour diagram ( Figure 5 ). Between K − [22] = 0 and 5 mag, there is good correspondence between the mass-loss rate and infrared colour (relations are defined in Section 4.2): the scatter from the relation shown in Figure 5 corresponds roughly to the order of magnitude uncertainty in the individual measurements of mass-loss rate. Consequently, statements regarding the period-infrared-colour diagram ( Figure  2) should translate closely to statements made about the period-mass-loss-rate diagram (lower-left panel of Figure 4) .
The most striking changes in the period-infrared-excess and period-mass-loss-rate diagrams occur near the following periods 12 :
(i) P ≈ 60 days (corresponding to L ∼ 1500 L⊙, R ∼ 100 R⊙ and T eff ∼ 3500 K). This corresponds to the onset of dusty mass loss, as identified by , where mass-loss rises from ∼a few × 10 −9 M⊙ yr
(ii) P ≈ 300 days (corresponding to L ∼ 4000 L⊙, R ∼ 350 R⊙ and T eff ∼ 2800 K). This corresponds to the 300-day rise of strong mass loss, as identified by Vassiliadis & Wood (1993) , where mass loss begins to rise from ∼1.5 × 10 −7 M⊙ yr −1 . (iii) P ≈ 700 days (corresponding to L ∼ 10 000 L⊙, R ∼ 1000 R⊙ but without a clear temperature definition). It is not clearly seen in our diagram, due to lack of reliable Ks photometry for extremely dust-enshrouded stars in 2MASS and lack of heavily obscured stars in the GCVS. This corresponds to the plateau of Vassiliadis & Wood (1993) , where mass-loss rates stabilise around ∼10 −5 M⊙ yr −1 .
Corresponding velocity signatures can be seen in Figure  4 , yet these are more widely scattered. The variation of botḣ M and vexp with P and L are investigated further in Section 5.1.2. 
Empirical relations
forṀ in M⊙ yr −1 and v∞ in km s −1 . Note that these relations reflect only the statistical scatter in these relations, and do not include systematic uncertainties in determining mass-loss rate. In theory, these could modify the intercept by up to one dex, and modify the slope by a small factor. However, systematic errors are unlikely to be so large without affecting calibrated properties, such as the initial-final mass relation, planetary nebula luminosity function, or dustto-gas ratio beyond the limits prescribed by observation.
In Figure 2 , we have drawn a line at Ks − [22] = 0.55 mag, to visually separate detections (ours and others') from our non-detections (as described in Section 3.4 and Table  3 ). The relationships described in Eq. 3 imply stars with mass-loss rates > ∼ 8 × 10 −8 M⊙ yr −1 should produce infrared colours in excess of this value.
The expected upper limits to the mass-loss rates of observed sample (Table 4) (-5.429 and -5.619 , respectively), suggesting it truly lies above the Ks − [22] = 0.55 mag line. It has not been included when calculating the above relations. VY Leo shows only a very mild dust excess, and is only detectable in CO (respectively) due to its relative proximity and the depth of observation (VY Leo was detected at 70 mJy by Groenewegen (2014) : roughly half our typical noise level after 3 km s −1 binning).
In Section 3.4, we demonstrated that stars above and below Ks − [22] > ∼ 0.55 mag are, respectively, detectable and undetectable in modestly deep millimetric CO observations. While our observations lack sufficient accuracy to precisely define this boundary in terms of a mass-loss rate, in this Section, we have further shown that stars above this limit generally loseṀ > ∼ 8×10 −8 M⊙ yr −1 , while stars below this limit generally have mass-loss rates below this value. Since most stars undergo this colour transition near a period of ∼60 days, this argues that the onset of dust production found at ∼60 days by corresponds to a real increase in mass-loss rate, and not simply an increase in dust-condensation efficiency.
DISCUSSION
A three-stage wind-driving mechanism
Disentangling cause and effect in AGB stars is very difficult, rendering it near-impossible to be conclusive about the driving mechanism for any AGB-star wind. Nevertheless, a substantial body of evidence can be built from these observations.
To explain these phenomena, we invoke three winddriving processes: a magneto-acoustically driven wind, a pulsation-driven wind, and a radiatively driven superwind. In any given star, all three mechanisms will contribute, but one is likely to dominate. We invoke a change from a magneto-acoustically dominated wind to a pulsation-driven wind at P ≈ 60 days, and a transition to a pulsationenhanced but dust-driven wind after P ≈ 300 days. The maximum mass-loss rate achieved at P ≈ 700 days may be linked to stars becoming optically thick, and transferring all their photon momentum into driving the wind.
The magneto-acoustic wind and Reimers' law
Lower-luminosity stars are thought to be supported by magneto-acoustic winds, as strong pulsation and dustproduction first appears in stars close to the RGB tip (e.g. McDonald et al. 2012 ). However, differences in the masses of AGB and RGB stars have been found must take place on both the RGB and AGB (see also Lebzelter & Wood (2005) ). Mass loss during this stage is expected to take place via a magneto-acoustically heated chromosphere, as evidence by blue-shifted, chromospherically active lines seen in giant-branch stars (e.g Dupree et al. 1984) . Historically, Reimers (1975) has been used to approximate mass loss from giant stars (see also Schröder & Cuntz 2005; Cranmer & Saar 2011) . Stellar evolution models still use it as the default choice of mass-loss law for magnetoacoustic winds, with its use now normally restricted to the wind of less-evolved, dustless stars, before some form of "superwind" in initiated (e.g. Bressan et al. 2012; Paxton et al. 2013) . Consequently, departures of stellar mass-loss rates from Reimers' law directly impact how the community models late-stage stellar evolution.
The masses of individual stars in our observations are unknown, except in the case of the globular cluster stars, which are constrained to be 0.53-0.80 M⊙ for RGB stars (e.g. Kalirai et al. 2009; Gratton et al. 2010; McDonald et al. 2011c; McDonald & Zijlstra 2015b) . We assume these stars have M = 0.65 M⊙.
We can estimate masses for field stars, based on a a typical initial mass function (N dM ∝ M −1.35 ), between 0.8 M⊙ (the lowest mass star evolving through the AGB) and 8 M⊙ (the highest mass AGB star). The central 68 per cent of stars will have initial masses between 1.0 and 4.6 M⊙, and final masses between 0.5 and 1.0 M⊙. A typical mass-losing star will be halfway between the two. Therefore, rounding down to account for a declining star-formation history in our Galaxy, we can expect a typical nearby AGB star to be ∼0.8 to 2.4 M⊙ at present, with a median value just above 1 M⊙. Hence, M = 1M⊙ has been assumed as a typical average present-day mass, with a conservative factor-of-two uncertainty to account for local variations and observing biases.
The ratio of observed mass-loss rates to Reimers' law is shown in Figure 6 . Except for the most extreme deviations, the large systematic uncertainties in mass-loss rates make it difficult to identify firm conclusions about the applicability of Reimers' law in general. Relative mass-loss rates should be more reliable, as internal uncertainties are expected to be several factors smaller (see Section 3.5).
Mass-loss rates from chromospheric lines become progressively sub-Reimers by the RGB tip (∼2200 L⊙), as are CO observations of the putative RGB star VY Leo (Groenewegen 2014) , although EU Del (McDonald & Zijlstra 2016) also falls into this category and has an approximately Reimerian mass-loss rate. Statistically, the ratio of log(observed/Reimers') mass-loss rate rises from -1.19 (standard deviation 0.71) for stars with L = 1000−2000 L⊙ to +0.83 (0.63) for stars with L = 2400−3400 L⊙. Even the large systematic uncertainties and observational biases cannot account for this factor of 100 difference, implying that mass-loss prescriptions on both the upper RGB and early AGB may need to be rethought.
The onset of dusty mass loss set by pulsations
To determine the physical and observable criteria for the onset of dust production in solar-neighbourhood stars, we now examine the increase in mass loss over the ∼60-day period boundary. Note that this is not a hard boundary, but one that occurs between periods of ∼50 and ∼100 days, depending on the star in question. Figure 5 shows a clear link between the infrared colour of the star and its mass-loss rate across theṀ ∼ 10 −7 M⊙ yr −1 regime. The slope of the (Ks − [22])-log(Ṁ ) relation of Equation 3 (0.464; Figure 5 ; Section 4.2) is sufficiently close to 0.4 to indicate that the dust condensation efficiency remains approximately constant across the measurable regime, until Ks − [22] ≈ 5 mag, where the dust becomes optically thick at Ks and the star becomes optically invisible. The scatter (standard deviation) away from the relation is 0.75 dex. Hence, we can establish that Ks − [22] is a good tracer of stellar mass-loss rate to better than a factor of six, as averaged over our dataset. We may therefore expect from this alone that the increase in Ks-[22] colour at P ∼ 60 days is a real increase in mass loss, not just an increase in dust condensation. Figure 4 shows that the mass-loss rate is tightly correlated with pulsation period, but that stars with a given pe- riod and mass-loss rate scatter in luminosity (e.g., the outlier α Her). Quantifying this is difficult: although we have a wellspread range of stars in luminosity, there are no stars in the ranges 30 < P < 40 days, 46 < P < 55 days, 235 < P < 300 days or 795 < P < 1440 days. Table 5 lists the mass-loss rates for various different ranges of period and luminosity. Among the measured stars, mass-loss rates for stars with P 46 days are consistently low (a few ×10 −9 M⊙ yr −1 ). However, stars with periods 55 P < 400 days closely approximate a constant mass-loss rate ofṀ ≈ 3.7 × 10 −7
M⊙ yr −1 , with a scatter of only a factor of three. Mass-loss rates then rise rapidly with period, so that by ∼700 days they tentatively appear to stabilise nearṀ ∼ 2 × 10 −5 M⊙ yr −1 . By contrast, the averageṀ with luminosity typically exhibits greater scatter. While we caution that the number of stars in each bin is low, between the RGB tip and ∼6300 L⊙ (where the increase displayed by Danilovich et al. (2015) begins; see also Figure 4 ) there is a scatter of factors of 2.5 to 20 in a given luminosity bin. This is in contrast to the roughly constant factor of 2.3 to 4.0 seen in the corresponding period bins.
The outflow velocities (also in Table 5 ) are more difficult to interpret. There is no clear link between period and vexp until P ∼ 400 days, then a clear increase to P ∼ 800 days. Stars with P 1440 days do not follow the above trends: these are typically supergiant stars (α Ori, OH 104.9+2.4, OH 26.5+0.6, V669 Cas and AFGL 5379) . In comparison, there appears a declining outflow velocity with luminosity until the RGB tip (∼2200 L⊙), beyond which it stabilities at minimum until L ∼ 6300 L⊙. There is then a notable rise of outflow velocity with luminosity that continues to the brightest supergiants. The scatter in each period bin (∼3 km s −1 ) is typically lower than in each luminosity bin (∼4 km s −1 ); however, the biases in our sample prevent us from definitively stating that this is significant.
We are therefore left with the conclusion that massloss rate correlates considerably better with pulsation period than luminosity, and that a roughly constant mass-loss rate occurs between P ∼ 55 and ∼400 days. Pulsation period therefore appears to define the mass-loss rate of AGB stars (though not supergiants) up to at least P ∼ 400 days and L ∼ 6300 L⊙. Links to the outflow velocity are less clear, tracking both pulsation and luminosity, though a minimum velocity of ∼8 km s −1 may occur somewhere near the RGB tip.
The role of pulsation amplitude
While pulsation is typically measured as a V -band amplitude, optical changes in flux result mostly from changes in molecular opacity, and pulsation amplitude is better measured on the Rayleigh-Jeans tail, where radial effects dominate and temperature-sensitive molecules (like TiO) are largely transparent (e.g Bladh et al. 2013) . Consequently, differences between Miras (∆V > 2.5 mag) and periodic semi-regular variables (∆V < 2.5 mag) may not be meaningful. We adopt the K-band amplitudes of Price et al. (2010) provide a better measure of pulsation strength, and indeed Figure 7 shows that V -band and K-band amplitude are poorly correlated.
Stars with P < ∼ 60 days are universally not identified as variable in Price et al. (2010) and have visual (GCVS) amplitudes of ∆V 1.11 mag (∆V 0.63 mag below 55 days). Stars with 60 < ∼ P < ∼ 300 days are included frequently included in Price et al. (2010) , with K-band amplitudes of typically a few per cent, and visual amplitudes of ∆V = 0.2-4.4 mag. However, there is no clear link between K-band amplitude and mass-loss rate until ∆FK /FK ∼ 0.3, which is achieved at P ∼ 400 days, whereupon mass-loss rate increases by roughly an order of magnitude (Figure 7 ). This may simply be due to the small number of stars in the range 60 < ∼ P < ∼ 300 with good observations, or it may reflect that pulsation amplitude is not the primary deciding factor of mass-loss rate. percentage of stars with infrared excess continue to slowly increase with stellar period, reaching ∼2.5 mag and unity by P ∼ 400 days: this is in contrast to the measured CO mass-loss rate and wind velocity.
The link to
The uncertainties in the average mass-loss rates over this regime (150-400 days) are still considerable (Table 5) . Hence, without further observations of stars in the P ∼ 150 day range, it is impossible to conclusively determine whether this increase in Ks − [22] colour by 0.7 mag represents a real increase in mass-loss rate by a factor of two, or an increase in dust opacity per unit mass in longer-period stars. One possibility is that extra opacity is needed to overcome the stellar gravity in long-period stars, which originate from higher-mass progenitors, so are more likely to be massive and denser during the AGB phase than their shorter-period counterparts.
Limitations and biases in the approach
For a number of reasons, a more robust and statistical treatment of these data is not practical at present. This is due to a number of limitations of the data, which first need to be addressed by the community at large.
First and foremost, strong observational biases exist in our data (historically, there is a preference for performing CO observations of apparently bright and dusty AGB stars). Hence, the statistical averages presented in this work may not be wholly representative of the underlying population. Nevertheless, the relative statistics within the dataset are expected to broadly reflect any physical changes. A volumelimited sample of AGB stars is needed to properly address these issues.
Distances to AGB stars suffer uncertainties due to lack of direct measurement, resulting in large uncertainties in the luminosities and radii of stars. In the majority of literature cases, stars are assumed to be fundamental-mode pulsators, and a luminosity is derived from a period-luminosity relation. In many cases, luminosities can only be determined to within a factor of two. If mass-loss rate or outflow velocity scales better with pulsation period than with luminosity, this may cause a tighter relationship to be seen in Figure 4 than is real; or it may cause additional scatter if the reverse is true.
Direct distance measurements are often limited to optical parallaxes. Two widely-acknowledged but significant factors affect the accuracy of parallax distances of long-period variables. Firstly, in cool giants, the motion of the centre of light across the stellar surface creates a long-term wander of the astrometric centroid (e.g. van Leeuwen 2007) . If this shift correlates with the annual parallax effect, it can create an unanticipated change (usually an increase) in the stellar parallax. The effect should be most prominent in the physically largest and coolest stars. Secondly, treatment of outliers in the Gaia data mean that observations taken at photometric extrema of large-amplitude variables may be discarded from the astrometric solution. If this selection effect correlates with the observing cadence, it can lead to errors in the parallax computation 14 . The effect should be largest in the most variable stars. It is expected that further these problems will be largely resolved as the Gaia satellite collects more data, and data reduction techniques become more robust for strongly coloured and highly variable sources. Methods and definitions for effective temperature and radius of AGB stars also need homogenising. An effective temperature scale relies on being able to define a radius in order to invoke L ∝ R 2 T 4 eff . However, the photospheric radius for AGB stars is highly wavelength-dependent due to a combination of molecular effects and circumstellar dust, meaning the 'surface' of the star becomes a semantic problem. Furthermore, stars are highly non-uniform, and optical tracers of temperature only represent the output from the hottest parts of the stellar surface (e.g. Freytag et al. 2017) . Stars are also highly variable, meaning that observing or defining a fixed spectrum for calculations is extremely difficult. The presence of circumstellar absorption by dust and re-emission of infrared light makes comparison to theoretical spectra difficult, and photometric methods impractical (e.g., the infrared flux method; Blackwell & Shallis (1977) ). Consequently, temperatures derived from spectroscopy suffer from lack of calibration, difficulties in reproducing molecular opacity in stellar models, difficulties in determining stellar metallicity, stellar surface inhomogeneities and effects caused by being out of local thermodynamic equilibrium, so that accurately defining a temperature and radius is extremely difficult (e.g. Lebzelter et al. 2012) . For dustproducing stars, temperatures derived from photometry are skewed towards cooler temperatures due to circumstellar reddening by dust in the optical, and emission from that dust in the infrared. Modelling of this dust can 'correct' the effective temperature to approximate that of the near-infrared photosphere, but often with a strong degeneracy between dust opacity and stellar temperature. Consequently, spectroscopic and photometric identifications of temperature can differ significantly, even for very well-characterised stars (cf., Lebzelter et al. 2014 versus McDonald et al. 2011a . Consequently, we should not expect to see good correlation between mass-loss rate or expansion velocity, and effective temperature or radius for the highest mass-loss rate AGB stars: even if one were to exist, these terms lack coherent definition across the literature of AGB stars. We therefore have herein reduced our comparisons to observational correlations with inferred luminosity and pulsation properties, whereas radius and temperature may be important parameters on which the wind depends.
Proxy measurements of mass-loss rate and expansion velocity from stellar chromospheres need better calibration against CO-based mass-loss rates. These proxies rely on measuring gas motions in the stellar chromosphere, very close to the surface, where material is still bound to the star and not yet subject to the full acceleration of radiation pressure on dust. Rates and velocities derived from chromospheric outflows are also highly time-variable (e.g McDonald et al. 2010b) , recording a more instantaneous measure of mass loss than CO rotational lines. Consequently, it is not clear how well an individual measurement represents the time average of the wind properties, nor that material passing through the chromosphere will actually be lost from the star, rather than falling back. Typically Hα and Ca ii lines are used for this work, so they have the advantage of tracing atomic and low-ionisation conditions, but UV lines can also be used for highly ionised winds. Addressing this potential source of bias will require measurement of massloss rate from a diverse range of well-studied stars with a number of techniques.
Future expectations and remaining questions
Several questions remain in this analysis, and several statements are conjectural at present. These include:
Physically, how do pulsations dictate the mass-loss rate? Pulsations levitate material from the star, setting the initial conditions in the dust-formation zone. However, models of pulsating stars (e.g. Bladh et al. 2015) do not cover the overtone pulsators we observe. Further exploration of this parameter regime would be useful to know whether existing models can drive a wind under these circumstances.
What role does stellar mass/gravity have in tempering the mass-loss rate and wind velocity? Stellar period and amplitude appear to largely dictate mass-loss rate, even for fairly massive stars like α Her (2.175 < ∼ M < ∼ 3.25 M⊙; Moravveji et al. 2013 ). However, a statistical look at a large sample of stars with known masses would be necessary to have a more consistent view of the effects of mass. This may explain differences in the mass loss from supergiants like α Ori (e.g. Richards et al. 2013 ) from stars like VY CMa (e.g. Richards et al. 2014; O'Gorman et al. 2015) , and relate them to their lower-mass counterparts.
How do these parameters change with stellar metallicity and environment? While chromospheric winds appear to have little metallicity independence (McDonald & Zijlstra 2015b) , the amount of condensible material that can form dust is less in metal-poor stars. Yet metal-poor stars are prodigious dust producers (Boyer et al. 2015b; McDonald et al. 2011d) , even though the constituents of that dust may be different (McDonald et al. 2010a; Jones et al. 2012 ). In the Magellanic Clouds, there exists a population of 'anomalous' stars with similar infrared colours to our 60-300-day Galactic sample (Boyer et al. 2015a) , and super-solar-metallicity AGB stars show no extra mass-loss either (van Loon et al. 2008 ). Consequently, we may expect there to be very little metallicity dependence in the (gas) mass-loss rates from stars, while existing observations in the Magellanic Clouds indicate at least outflow velocity may decline at low metallicity, indicating metallicity may have an effect on the outflow velocity instead (Groenewegen et al. 2016; Matsuura et al. 2016; Goldman et al. 2017) . A survey of mass-loss rates from truly metal-poor stars over a range of luminosities is needed. This has been argued for since Reimers (1975) , but is only now being realised (e.g Boyer et al. 2015b Boyer et al. , 2017 .
What is the role of stellar chemistry? Since carbon stars produce their own dust-forming materials, we may expect them to exhibit different characteristics (cf. Lagadec & Zijlstra 2008 ). Yet no differences of note are visible in the plots shown above. It may be in metal-poor stars that we start to see a divergence in the mass-loss rates between carbon stars (which remain effective mass losers) and oxygen-rich stars (which lack dust to drive their winds).
How are these changes reflected in the dust properties of the star, and its mineralogical return to the interstellar medium? As well as changes in opacity between dust from metal-rich and metal-poor stars, and between carbon-and oxygen-rich dust, there is a wide variety of dust composition in AGB stars of a particular metallicity and chemical type (e.g. Woods et al. 2011 ). The causes of this variation in mineralogy require explanation in the context of the mass-loss process.
What is magical about the periods of 60 and 300 days? In McDonald & Zijlstra (2016), we argued that the 60-day period represents the point at which the lowest-mass stars become first-overtone pulsators, and that their pulsations levitate material so that dust can form. However, the role of the 300-day period is less clear. Stars transition to the fundamental mode at periods much lower than 300 days (e.g. Wood 2015) . We suggest that this may be when a radiationdriven wind becomes effective, yet it is not obvious what is special about this period in particular.
What is the role of binarity and asymmetries? We have assumed here that stars are isolated and spherical. Yet we know that environment alters both the mass-loss rate of stars and how we measure that mass-loss rate, due to the chemical and morphological factors involved. Problems include variation in radiation environment (e.g. Mamon et al. 1988; McDonald & Zijlstra 2015a,b) , shaping of ejecta (e.g. Maercker et al. 2012 Maercker et al. , 2014 Decin et al. 2015; Ramstedt et al. 2014 ) and the formation of circumbinary discs (e.g. Lykou et al. 2015; Kervella et al. 2016; Homan et al. 2017) . A statistical study of binary AGB stars is needed to understand these effects in the context of the evolution of whole stellar populations.
CONCLUSIONS
Based on new and literature observations of mass-losing AGB stars, we provide strong evidence that pulsations are the primary mechanism setting the mass-loss rates of most AGB stars. The mass-loss rate and expansion velocity of AGB-star winds is found to correlate poorly with stellar luminosity, contrary to the expectations of a radiation-driven wind, but strongly with stellar pulsation period and nearinfrared amplitude. Radiation pressure on dust appears to play a subsidiary role in the mass-loss process, likely setting factors like grain size and outflow velocity, as required to maintain the mass-loss rate dictated by the pulsations.
We calculate thatṀ < ∼ 10 −8 M⊙ yr −1 among stars with P < ∼ 55 days. This rises to an average ofṀ ≈ 3.7 × 10 −7
M⊙ yr −1 among measured stars, over the regime 55 < ∼ P < ∼ 400 days. A further, well-documented increase extends toṀ ∼ 3 × 10 −5 M⊙ yr −1 by P ≈ 700 days, beyond which stars become few in number and disparate in their properties. The precise boundaries of these transitions remain unclear, however, and the mass-loss rates listed here may be heavily biased by selective observations of past observers. Nevertheless, the increase of a factor ∼100 in mass-loss rate near a period of 60 days suggest existing mass-loss prescriptions in stellar evolution models need rethought and recalibrated, both in terms of RGB and AGB mass loss. This work can be thought of as a first step in that process.
Within these rates, individual stars vary by significant factors. Further observations are recommended of stars with P < ∼ 300 days, and more accurate modelling of existing observations encouraged, to better constrain their physical pa-rameters. Unlike radiation-driven winds, we predict that the above period dependences of mass-loss rate are mostly independent of stellar metallicity, but may be strongly dependent on stellar mass. We strongly encourage further, unbiased CO observations of stars with P < 300 days, and modelling to test these hypotheses.
